Abstract. Sodium dodecyl sulfate (SDS) is an organic surfactant commonly applied in foam based treatment of wastewater as an efficient collector for heavy metal species. SDS is used in combination with a frothing agent, usually alcohols, to control and improve bubble size, adsorption area, foam stability and solution recovery. To achieve optimum performance, a proper collector-to-frother ratio is required which is commonly determined by trial-and-error or statistical approaches. The aim of this paper is to survey the scientific background of the influence of frother type and concentration on foam flotation response. Equilibrium and dynamic frothability of individual and dual surfactant aqueous solutions of SDS and different frothing agents, including ethanol, n-butanol, isoamyl alcohol and methyl isobutyl carbinol (MIBC) was measured. Equilibrium frothing evaluations indicated that frothability of surfactants enhances by increasing their molecular weights due to the improvement of liquid film elasticity surrounding bubbles. Dynamic frothability index value for SDS, MIBC, isoamyl alcohol, n-butanol and ethanol was found to be 92061.3, 38724.3, 10783.1, 1696.4, and 1349.7 s.dm 3 /mol, respectively, confirming the results from equilibrium data. Comparing frothability values obtained from different frother-SDS blends revealed that mixtures containing isoamyl alcohol and MIBC produce more stable foam which is suitable for precipitate and colloid flotation; whereas, solutions of ethanol and n-butanol are more selective and recommended for ion flotation. Referring to dynamic frothability indices of binary solutions, a reference chart was proposed as a guideline for selection of proper collector/frother system and to estimate preliminary collector-to-frother ratio with respect to the foam flotation purpose.
INTRODUCTION
Water is one of the most essential prerequisites for sustaining natural ecosystems and human development (Tabatabaei et al., 2014) . Nowadays, rapid expansion in industrial activities and exponentially increasing of development activities causes serious environmental impacts (Kamaruddin et al., 2013) . Between different pollutants, heavy metals have been received more attention by environmental engineers since these substances are a unique class of toxicants that cannot be broken down into non-toxic forms. Therefore, waters contaminated with heavy metals causes major problems to the environment and human health; this problem requires an effective technological solution (Farraji et al., 2014) . Today, increasing population growth and rising living standards in many countries necessitate higher quality water resources for various uses as agriculture, industry and drinking (Afzali et al., 2014) . Therefore, removal of heavy metals from aqueous environments is of primary interest due to their high toxicity. Currently, numerous treatment methods exist in order to remove heavy metals from wastewaters. Between all, foam flotation has been shown to be a promising method for the removal of metals from large volumes of dilute aqueous solution (Tomlinson and Sebba, 1962; Yuan et al., 2008) . Compared with conventional physicochemical separation processes, foam flotation is easy to operate and it can be seemed as a low-cost production (Liu and Doyle, 2001; Ulewicz et al., 2006) .
Foam flotation is a process for heavy metal removal from aqueous solution based on reaction between metal species and an oppositely charged ionic surface-active reagent, the so called collector. Subsequent passage of air bubbles through the solution leads to the separation of surface-active metal-collector complexes from the bulk solution (Ehrampoush et al., 2011 Grieves, 1975) . Despite the type of metal species and the concentration mechanism, foam flotation needs two different types of surfactants, i.e. collectors and frothers. Collectors act as the bridge linking the metal species to the surface of air bubbles. Sodium dodecyl sulfate (SDS) is a well-known collector widely applied in foam flotation practices (e.g. Feng and Aldrich, 2004; Mahmoud et al., 2014; Nicol et al., 1992; Schugerl, 2000; Stalidis et al., 1989) . Foam stability is a key factor in foam flotation; less stable foams can not guarantee the efficient flowing out bubbles loaded with metal complex and foams with excess stability increase the solution entrainment and thus, decrease the metal complex concentration in the foam. Therefore, addition a suitable frother to control the foam stability at proper level is necessary. Alcohols with low molecular weight such as nbutanol, ethanol, isoamyl alcohol and methyl isobutyl carbinol (MIBC) are well accepted as efficient frothers in foam flotation processes (Huang and Liu, 1999; Nicol et al., 1992; Polat and Erdogan, 2007; Schugerl, 2000; Zouboulis et al., 2001) .
It is shown that SDS has some frothing properties due to structural similarity to other frothing surfactants. Therefore, selection of appropriate ratio of collector and frother in a process is of crucial importance since: (*) the lack of enough concentration of collector decreases the removal efficiency and excess concentration leads to the molecular coalescence of collector and consequently, removal inefficiency and collapse.
(*) low concentration of frother results in foam instability and metal complexes drop down to the solution due to foam breakage. In contrast, using frother in excess concentration values produces ultrastable foam which decreases metal complex removal because of solution entrainment.
The optimum collector-to-frother ratio is usually selected using trial-and-error experiments or on the basis of a statistically designed experimental program. However, in both approaches there is no scientific background about the appropriate ratio.
Although there is some reports on surface activity characterization of SDS (Castro et al., 1998; Fan et al., 2013; Gracie et al., 1996; Mysels, 1986; Umlong and Ismail, 2007) and frothing properties of commercial frothers (Cho and Laskowski, 2002; Gupta et al., 2007; Melo and Laskowski, 2006; Tan et al., 2005; Yoon, 2006, 2008; Xia and Peng, 2007) , no attempts has been made to characterize frothability of SDS/frother blends from foam flotation point of view. Thus, the aim of this paper is to investigate the dynamic frothability of SDS surfactant in alcohol bearing aqueous solutions and to develop a general guideline for smarter pre-selection of SDS/frother ratio. 
MATERIALS AND METHODS

Materials
The surfactant SDS was purchased from Fluka and used without further purification. The frothing surfactants used in this study were n-butanol, isoamyl alcohol, ethanol and methyl isobutyl carbinol (MIBC). Physicochemical properties of studied surfactants are listed in Table 1 . 
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Dynamic frothability measurement
Frothing characterization of frother-SDS mixtures was performed following the method described by ZahabNazouri et al. (2013) . The frothability tests were carried out using a froth column-meter (Model FS200i, KFK ® , Iran) made of 50 mm interior diameter and 600 mm height glass cylindrical tube. The froth was generated by aerating a solution of surfactant using a fritted glass sparger at the bottom of froth column meter. The fritted glass had a diameter of 40 mm and pore size of 85 mesh. To start the test, the froth column was filled with 200 ml of distilled water. The initial height of liquid in the column was recorded. A small amount of compressed air was then introduced to flush out the water trapped in the fritted glass disc. Predetermined amount of surfactants either single or blend, was added to the distilled water from the top of the column. The flowmeter was set to a predetermined air flow rate range (0-3 l/min). When the froth height reached the equilibrium, the total froth height (maximum height of froth) was recorded. The froth height was the difference between the total froth height and the initial liquid height. All the tests were conducted at ambient temperature (25±1 o C) in a well air-conditioned room. Each test was replicated three times and an average was reported.
RESULTS AND DISCUSSIONS
Foaming characterization of individual surfactants
Frothers are heteropolar surface-active compounds containing a polar group and a hydrocarbon radical, capable of adsorbing in the air-water interface. Therefore, any type of surfactants can show some degree of frothing characteristics. These molecules are arranged at the air-water interface such that the hydrophilic or polar groups are oriented into the water phase and the hydrophobic or non-polar hydrocarbon chain in the air phase. The surfactant concentrates at the interface of water and air bubbles, forming an envelope around the bubbles, which prevents them from colliding or touching. Surfactants also lower the surface tension of the water. The forces created around the air bubble in the presence of a surfactant prevent the bubbles from collapsing (Khoshdast and Sam, 2011) .
Based on direct experimental observations in both batch laboratory and continuous large scale flotation cells, the use of a frothing surfactant significantly increases first, the possibility of a metal complex/particle-bubble contact, and second, the efficiency of sticking after such a contact. Thus, a major role of a frother is to significantly increase the rate of flotation (Klimpel and Hansen, 1988) . With respect to this role, two terms of -selective‖ and -powerful‖ are used to characterize frothers. The former refers to the attachment of a hydrophobic specimen to an air bubble, which can be used in flotation of very fine particles, whereas the latter which indicates the frothing capacity of the frother, will provide higher recoveries and better performance in floating of coarser particles.
Selectivity and frothing power of a frothing surfactant can be characterized with respect to its frothability properties. Frothability reflects the ability of a frother to produce a froth phase in both terms of froth capacity and persistency. In general, two types of frothability can be derived from the literature, i.e. static and dynamic. The static oe equilibrium frothability is used for systems in which the rate of foam formation is zero: the foam, once formed, is allowed to collapse without regeneration by further agitation or input of gas (Barbian et al., 2003; Prud'homme and Khan, 1996) . Equilibrium froth height is applied to assess static frothability of a frother. When aerating a frother containing liquid a froth phase starts to grow. After some time, depending on the froth stability and operating conditions, the froth rise stops and it reaches a constant height called equilibrium height.
The froth height-gas flow rate plots that were obtained for tested surfactants are shown in Fig. 1 and follow the order: SDS > MIBC > Isoamyl alcohol > nButanol > Ethanol. The stability of foams is directly affected by film elasticity between bubbles. Surfactants with higher molecular weight produce a more viscose absorptive molecular layer at the bubble surface which in turn, increases film elasticity of foam. The molecular weight of the studied surfactants is given in Table 1 . As seen, SDS has higher molecular weight which is orderly followed by MIBC, Isoamyl alcohol, n-Butanol and Ethanol, i.e. a trend corresponding to the equilibrium frothability.
There are some limitations in using static frothability only to explain some phenomena in foam flotation (Xia and Peng, 2007) :
(a) Some frothers cannot produce a high froth, but the good flotation performance in practice is observed.
(b) The froth height changes with frother dosage and the measured froth height has been reported at the arbitrary frother concentration.
(c) For two froths with the same froth height, they might have different bubble size distribution, coalescence rate and further a different flotation performance.
(d) Froth height is a quantitative parameter; it is not a material constant index which is independent of frother dosages.
(e) The froth height also can not be correlated well with the quality of froth products because of complicated effect of drainage by bubble coalescence.
Today in addition to equilibrium frothability parameters, dynamic frothability index (DFI) is aimed to characterize frothing surfactants. The DFI is actually derived from static data and is a proprietary characteristic of any frother. In order to determine the DFI of a surfactant, the volume of produced froth is plotted against gas flow rate to calculate the retention time of froth:
where rt is the froth retention time (s), V the gas volume (in liquid and foam) (cm3) and Q the gas flow rate (cm3/s). The DFI is calculated using the following relationship (Cho and Laskowski, 2002; Melo and Laskowski, 2006) : Fig. 2 shows the froth retention time versus concentration of each surfactant. The slope of the plot gives DFI value thereof. As seen, the DFI value for SDS, MIBC, Isoamyl alcohol, n-Butanol and Ethanol is 92061.3, 38724.3, 10783.1, 1696.4, and 1349.7 s.dm 3 /mol, respectively. This order can be re-stated as from the most powerful frother (SDS) to the most selective one (ethanol). SDS behaves as a powerful frothing agent and increases the solution recovery to the foam; therefore addition a lighter frother to control the bubble size distribution, and foam volume and capacity is necessary to achieve optimum flotation efficiency, i.e. maximum metal removal and minimum water recovery.
Foaming characterization of surfactant mixtures
Separation by adsorption onto bubbles is based on the difference between the surface activities of the solute species. These species can be ionic, molecular, or colloidal, and their adsorption onto the bubble/liquid interface depends on their surface active, adhesion or electric properties. The classification of these techniques is based on the formation of the foam, which leads to two main groups (Clarke and Wilson, 1983; Filippov et al., 2000; Grieves, 1975) :
(a) Ion flotation, is a surface-inactive separation method that involves the removal of ions or molecules (colligend) from aqueous solution by adding surfactant, that is adsorbed onto the surface of rising bubbles. The surfactant/colligend product (sublat) may be formed in bulk solution or only at the higher concentrations produced by preferential adsorption on the bubble surface.
(b) Precipitate flotation, includes all processes in which an ionic species is precipitated in the liquid phase and is subsequently removed by attachment to the bubble surface via a suitable collector.
Ions and molecules present as dissolved species and are well dispersed in aqueous environment. Therefore, ion flotation requires more adsorption surface area, i.e. smaller bubbles. In contrast, colloidal complexes and precipitates behave as coarse particles and need larger bubbles with higher rising power. These imply that when ion flotation is performed, foaming strategy should be approached to production of smaller bubbles to maximize ion and/or molecule removal efficiency and minimize water recovery from the solution. This target is achieved by using a light frothing surfactant such as n-butanol and ethanol to increase the selectivity of ion removal process. In the case of precipitate flotation, more powerful frothers, such as MIBC and isoamyl alcohol, is preferred; these frothers produce larger bubbles and consequently, increase the loading capacity of rising bubbly regime in solution. In addition, powerful frothers form more stable foam which is a requisite for preventing precipitates to drop back to the solution. As shown in previous section, SDS acts as a more powerful frother. This will negatively influence the flotation performance especially for ion removal because it produces more stable foam and increases the water recovery. Therefore, a proper combination of SDS with a frothing surfactant (whit no collecting action) is required for any successful flotation practice.
The DFI values for solutions prepared by different combination of SDS and frothers were calculated with a same approach as applied for individual surfactant solutions. Results are shown in Fig. 3 as DFI of surfactant mixed solution versus mole ratio of frother. As seen, an interesting trend is observed for all types of blends; as the mole ratio of frother, i.e. alcohols, increases the DFI decreases following a negative exponential function. This unusual behavior may be ascribed to the competitive adsorption between SDS and frothers at the bubble surfaces. SDS has larger structure reducing the adsorption rate of SDS molecules compared to frothers with smaller molecular structure. However, more detailed investigations are required to confirm the proposed mechanism.
As seen from Fig. 3 , DFI variations of surfactant blends follow a downward exponential trend. In logarithmic form, the plots give straight line limited to the maximum value of SDS DFI and a minimum value of frother DFI. Fig. 4 shows a proposed
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reference chart to select suitable frother and a start SDS-to-frother mole ratio to run the foam flotation experimental plan. Referring to the discussions above, right side of plot includes more powerful frothers and will suitable for floating coarse, heavy metal complexes. As blends move to the left side of the plot, selectivity of process dominates and ion and molecule flotation performance improves due to the increase of adsorption area of smaller bubbles. To estimate proper mole ratio of SDS and frother, one should consider the initial metal concentration in solution. For solution saturated or semi-saturated of metal species, higher collector concentration is required, i.e. down section of plot; whereas if solution has low metal concentration, lower concentration of collector is appropriate, i.e. upper section of plot. Meanwhile, it should be noted that as the collector concentration increases more liquid will transfer to foam product and it will decrease the removal efficiency.
There are researches reporting the use of some other types of collectors, such as α-sulphonated fatty acids (Rose and Sebba, 1969) , hexadecyl ammonium bromide (Polat and Erdogan, 2007) , lauryl ammonium chloride (Hernández-Expósito et al., 2006) , sodium isopropyl xanthate (Reyes et al., 2012) , oleic acid (Ghazy et al., 2008) , amide oxime, cetyl dimethyl benzyl ammonium bromide and cetyl pyridinium acetate (Filippov, 2000) , lariat ethers (Ulewicz et al., 2006) , and acid 3-(3, 4-dihydroxyfenil) propenoic (Stoica et al., 2013) to remove heavy metal species from contaminated water by foam flotation. The dynamic frothability index of these collectors can also be calculated and used to update the proposed chart (Fig. 4) to a more comprehensive manner for general environmental treatment purposes. 
CONCLUSION
Dynamic frothability of dual surfactant aqueous solutions of sodium dodecyl sulfate (SDS) and some frothing agents including ethanol, n-butanol, isoamyl alcohol and methyl isobutyl carbinol (MIBC) was calculated. Results revealed the necessity for more scientific estimation of collector-to-frother ratio depending on foam flotation purpose. The proposed reference chart was solely developed on the basis of frothability measurements, thus further studies are suggested to complete and confirm the chart from practical point of view. 
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